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ABSTRACT (ONGERUBRICEERD)

Atmospheric structures can be measured with incoherent optical 1adars (lidars). Because these structures
drift with the wind, they can serve as a tracer for remote sensing of the wind vector. For this purpose, a dual
monostatic scanning lidar system is available to measure the atrnosphere simultaneously in two different
directions over a maximum range of about 1 km. The transit time of identified patterns between two sensing
points in the horizontal plane provides in combination with the geometry of the lidar, sufficient information
to derive the horizontal wind vector. The method is based on cross-correlation techniques. To determine the
spatial wind vector as a function of altitude it is sufficient to measure in three different upward directions.
This can be realized with a triple lidar or with a single lidar by measuring consecutively in three different
directions and using an equivalent but more extended inversion method.

This report describes the main activities carried out for the project DWARSWIND' in the period January
1991 - March 1992. After a summmary of a short literature study, some theoretical aspects are described such
as: the vector representation of the dual lidar in Cartesian coordinates, a method to derive the wind vector,
the characteristic life time and the characteristic size of the structures from a set of lidar measurements. A
selection of experimental results are presented. For example, the calculation of the horizontal wind vector at
an altitude of 15 m and the wind vector up to an altitude of 1000 m.
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SAMENVATTING (ONGERUBRICEERD)

Met behulp van een incoherente lidar (optische radar) kunnen atmosferische strukturen gedetecteerd worden.
Omdat deze strukturen met de wind meedrijven kunnen ze gebruikt worden als hulpmiddel voor het op
afstand bepalen van de windvector. Een monostatisch tweevoudig lidarsystem is beschikbaar om gelijktijdig
in twee verschillende richtingen te kunnen meten over een bereik van maximaal 1 km. Uit de looptijd van
herkenbare acrosol-strukturen tussen twee meetpunten in het horizontale viak en de geometric van de lidar,
kan met behulp van kruiscomrelatic de windvector worden bepaald in het vlak waarin de metingen worden
unitgevoerd. Om de windvector als functie van de hoogte te bepalen is het voldoende om in drie verschillende
richtingen schuin omhoog te meten. Dit kan gerealiseerd worden met een drievoudige lidar of met een
enkelvoudige lidar die achtereenvolgens in drie verschillende richtingen meet.

Dit rapport beschrijft de hoofdactiviteiten zoals uitgevoerd in het kader van het project DWARSWIND' in
de periode januari 1991 - maart 1992. Na een beknopte literatuur studie worden enige theoretische aspecten
beschreven zoals een vectoridle voorstelling van de lidar in het Cartesiaanse assenstelsel en een methode om
uit een set lidar metingen de windsoelheid te berekenen. Tevens wordt aangegeven hoe van de atmosferische
strukturen de karakteristicke grootte en de karakteristicke levensduur bepaald kunnen worden. Tenslotte
worden enige resultaten gepresenteerd die met de lidar zijn verkregen, zoals de horizontale windvector op
een hoogte van ca. 15 m en de ruimtelijke windvector tot op een hoogte van maximaal 1000 m.
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1 INTRODUCTION

Wind is an important meteorological parameter, which is generally measured, e.g. by in situ
mechanical and/or acoustical sensors (ultrasonic anemometers). In those situations where the
wind vector as a function of altitude is required, for instance for the prediction of ballistic
trajectories, balloon measurement can provide the required information. Currently, it is also
possible to use remote sensing techniques like Doppler radar (¢.g. Vaisala Model 400) or lidar to
measure the wind vector. The advantage of lidar is that, in the future, more tasks can be combined
within one optical system. For instance, for measuring range, visibility, vertical structure of the
atmospheric extinction and wind vector as well.

It has been shown, among others, by Zuev et al. (1973), Eloranta et al. (1975), Sasano (1985),
Eloranta and Schols (1990) and Kunz (1991), that it is possible to measure dynamic atmospheric
structures with incoherent optical radars (lidars). If it is assumed that these structures drift with
the wind, they can serve as tracers for wind measurements. The atmospheric structures are
characterized by a differen: aerosol concentration and/or by a different refractive index with
respect to its surroundings. The sizes of these structures vary from millimetres, as proven by
Frehlich (1988) to kilometres as shown by Hardy (1969), Konrad (1970), Zuev et al. (1977),
Sasano (1985), Hooper and Eloranta (1986) and Kolev et al. (1988). Life times of the structures
are in the range from a few seconds to tens of seconds and more as measured, e.g., by Zuev et al.
(1977) and Derr et al. (1979). Balin (1990) mentioned that the size of the structures depends on
the wind speed and on the temperature. It has also been shown e.g. by Hardy (1969), Konrad
(1970), Batten (1973), Noonkester (1976) and Brookner (1977) that these structures can be
detected by radar.

The principle to derive the wind vector from a set of incoberent lidar data is best illustrated in a
one-dimensional space. In that case, the structures move along a line and their velocity, their
characteristic life time and their characteristic size can be inverted from the time behaviour of the
structures measured at two different locations (note that one range bin of a lidar waveform is
equivaleat with one point-sensor). The cross-correlation of the two time series and the separation
between the sensors provides a direct measure for the parameters mentioned. It is evident that the
quality of the calculations depends on the dynamics (life-time) of the drifting structures.

By means of two lidars, which operate simultaneously in one plane, the moving structures can be
detected subsequently at different locations. The displacement can be visualized by plotting the
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data in a time versus range map (assuming that the structures move only in this plane). The ratio
of the vectorial displacement of identified structures and the time difference of detection, provides
a direct measure for the wind vector.

Instead of two line-sensors (lidars), one can also use three point-sensors to determine the wind
vector in a plane. In that case, the geometry of the sensors and the mutual cross-correlation of the
measured time-series, can also provide the wind vector in that plane. The three-point method can
also be simulated with one lidar by measuring subsequently in three different directions. This
method has been described by e.g. Eloranta (1990) and Matvienko (1990). Clernesha (1981) noted
that this method has already been applied in 1949 to map moving ionospheric structures at radio
frequencies. Contrary to what is generally assumed, the three sample points need not necessarily
be in a horizontal plane, as will be shown.

After a successful lidar experiment, the calculation of the wind vector can be considered as a
complex signal-analyses problem with large amounts of data. From the literature two different
variants of inversion methods are distinguished:

1.  direct correlation of the structures measured at two or three positions as described by Briggs
(1950), Phillips (1955) and Briggs (1968). Ferdinandov (1982 and 1984) took into account
the atmospheric attenuation.

2. indirectly by transforming the range versus time data sets into wavenumber versus time
using the Fourier transform. The drift of the patterns can now be inverted from the phase
shift of the spectral components in consecutive lidar returns (cross spectral phase shift). This
method has been applied by Stroga (1980) and Hooper (1986). The mathematical basics
have also been described by Stull (1989).

This report describes the main activities performed in the first period of the project
'DWARSWIND'. Geometrical and theoretical aspects are discussed with respect to the dual lidar,
with empbhasis on calculation of the wind vector. Some typical experimental data will be
presented and elaborated to illustrate the data format and the potential of the system for wind
measurement. The properties of the lidar in question have been described in an earlier report by
Kunz (1990). Secondary activities, like programming of a hardware fast Fourier transformer and
an analysis of the noise properties of the receiver, have been described respectively in Kunz
(1992a) and Kunz (1992b).




2 VECTOR REPRESENTATION OF THE DUAL LIDAR

The purpose of this section is to define the vector representation of the dual lidar in Cartesian
coordinates.

A simplified line model of the monostatic dual lidar system, with the two beams and the axes of
rotation, is shown in Figure 2.1. The large box represents the main lidar and the small one
represents the auxiliary lider which has been mounted on top of the main lidar. The main lidar can
rotate around an horizontal axis ¢, e.g. for adjustment of the elevation angle during vertical scans.
The auxiliary lidar has been mounted on the main lidar such that it can rotate around the axis p for
changing the angle between the two lidar directions. Axis p is perpendicular to the upper plane of
the main lidar. The two lidar beam axes 3 and m are always parallel to this plane. The fual lidar
has been mounted in a jack which can rotate around the vertical axis z for pointing the whole
system in any desired azimuthal direction. By scanning both in elevation and in azimuth, the
system can probe the whole hemisphere.

Figure 2.1:  Simplified line model of the monostatic dual lidar system with an indication of the basic
vectors.
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Figure 2.2 shows the representation of the dual lidar in the Cartesian coordinate system. The x-
axis and the y-axis define the horizontal plane. The z-axis is perpendicular to this ground plane
and points at the zenith. Note that the azimuth angle in the Cartesian coordinate system is
measured counter clockwise with respect to the x-axis while the wind direction is measured clock
wise with respect to the North. The elevation angle is measured with respect to the ground plane.

Figure 2.2:  Vector representation of most major axes of the dual lidar system and definition of the
reference points.

The definition of the vectors and the angles is as follows:

= unit vector in the measuring direction of the auxiliary lidar

= unit vector of the elevation axis, paralle] with the ground plane
= unit vector in the measuring direction of the main lidar

unit vector of the rotation axis of the auxiliary lidar

= unit vector in the direction of the wind

= unit vector in the direction of the North

= unit vector in the direction of the West

= unit vector in the vertical direction

N K MjgO H oW
"
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9,m = azimuth angle of the main lidar

= elevation angle of the main lidar

azimuth angle of the auxiliary lidar
elevation angle of the auxiliary lidar

6 = angle between main lidar and auxiliary lidar

-
H
L]

s
s
]

idar , m, is given by:

COS(Pepy) * COS(Byry)
m =| cos(@gy) - Sin(@yy) @.1)
Sin(@,p,)

Because m is expressed as a unit vector, the z component is equal to the sine of the elevation
angle whereas the tangent of the azimuth angle is determined by the quotient of the x and the y

component.

The axis of rotation for the elevation, ¢, is perpendicular to the direction of the main beam, m, and
parallel to the ground plane. Thus one can write:

eem=0 2.2)

The coordinates of the unit vector ¢ are therefore:

Sin(@yyy,)
e = l -cosgﬂ.m) 23)
I'he measuring direction of the auxiliary lidar, a, is determined by the measuring direction, m, of

the main lidar and the angle, O, between the two lidar systems. Because ¢ and m form a
rectangular coordinate system, the vector a can be expressed as:

2 = m-cos(0) +¢ - sin(0) 2.4)

The actual direction of the auxiliary system can now be found by substituting (2.1) and (2.3) in
(2.4). This results in:

c08(8) * CO8(Beyy,) * COB(Pyyy,) + 5iN(B) - sin(cﬁ
2= | cos(6) - cos(® o) * in(B,y) - 8in(B) - cos(e I
cos(0) * sin(@,y,)

@2.5)
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Addition of the squared components of (2.5) shows that § is indeed a unit vector. As a resul, the z
component of g is equal to the sine of the elevation angle of the auxiliary system whereas (the
tangent of) the azimuth angle is determined by the quotient of the x and the y components. Thus
we obtain for the sine of the elevation angle of the auxiliary lidar:

sin(@,,) = c0s(0) * sin(@ey,) 2.0)
and for the tangent of the azimuth angle of the auxiliary lidar we find:

€03(8) * co8(Beyy,) * 8iN(B ) - 8in(6) - COS(B,yy,)

2.7
€08(8) * COS(Ber,) * COS(Byry,) + 8IN(B) * 5in(P) @7

tan(g,,) =
The axis of rotation of the auxiliary lidar, p, perpendicular to the main lidar is found from the
vector product of 3 and m, as pointed out in Figure 2.2.

p=axm(=¢xm 238)
Substitution of (2.1) and (2.3) in (2.8) provides the coordinates for the vector p:

$in(@,,) * COS(Byy,)
p =] sin(8e) - sin(@m) @2.9)
Co8(Peyy)

To complete Figure 2.2, the lines ME and OE are calculated with:
m+y @-m=HK-e 2.10)
in which iy and p are the length of respectively ME and NE.
Because the z-component of ¢ is zero, the value of y can be found by substituting the z-
components of (2.1) and (2.5) in (2.10). This results in:

1

1~ oo ®) (2.11)

‘Y E
Substitution of (2.1), (2.5) and (2.11) in (2.10) provides the following equation for p:

B 8in(@yy) = COS(Beyy,) * COB(Bamy) +

+ €08(8) * COMBegy) * COB(Byyy) + 8in(D) * SIN(By) - CON(Bery) * COS(Pyry)
1 - cos(8)




TNO report
Page
12
which leads to:
__Sn® 2.12)
1 - cos(0)
Conclusion

The vector notations of the measuring directions of the dual lidar system and the axis of rotation
of the auxiliary lidar, on top of the main lidar, have been derived. The azimuth and elevation
angles of the auxiliary lidar have been expressed in the azimuth and elevation angles of the main
lidar and the angle between the axes of the two systems.
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3 WIND VECTOR EXPRESSED IN THE SPATIAL POSITIONS AND THE
TIME OF FLIGHT OF IDENTIFIED STRUCTURES

The principle of sensing the wind vector remotely with an incoherent lidar is based on locating of
moving patterns in time versus range data sets. With the dual lidar, two of these sets can be
recorded simultaneously. If corresponding signatures can be identified in both data sets, the wind
vector can be calculated from the locations, the actual time of the measurements and the geometry
of the system. The objective of this section is to derive equations for the wind vector based on

those parameters.

1t is assumed that the structures drift linear in time and space (during the measurement period)
along the wind vector W, as illustrated in Figure 3.1.

%
/z/x PRINCIPLE of WIND MEASUREMENT

Figure 3.1:  Three-dimensional sketch of an structure drifting with the wind. Indicated are
&l{iﬂmmﬁﬁm&(@.m vector W and the position of the stracture P(t) at

o )
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The position P of such a structure can be described in the time-space domain according to:
PO =P, () + (t-t,) W (3.1a)

Writing P(t) explicitly in the three orthonormal directions gives:

XD | Poety) + (t-t) - Wcos(o,)cos(
l axlo) 1 a"sin(gb) | (3.1b)

o- |16 - 1128 1 S
in which

@, =elevation angle of the measurement

o, =azimuth angle of the measurement

P, = arbitrary reference position

W =wind vector

W = wind speed (modulus of W)

The principle of the measurement and the method of the data analysis has been visualized in
Figure 3.2. The two lidars measure simultaneously the atmospheric structures (which drift with
the wind) in two different directions. Each acquired waveform, both from the main lidar and the
auxiliary lidar, represents a range dependent atmospheric reflection. The waveforms are plotted
vertically in false colour (or in gray tones) in the corresponding figure. Consecutive measure-
ments are plotted along the x-axis. If the repetition rate of the lidar is high enough, the
displacement of the structures is uncovered from th« range versus time figures.



—— = e -

TNO report
Page
15
/
7
. ,/'/" WIND
//a
/
/
r:
LASER
PULSE
Al
STIIERITEED I AT F
A e
time l time
t.
Fi 32: The inciple of the dual lidar and the method of ing the
6% function of angs (1 flas colours e n gray ocie. prosciting the dia w8
If the main lidar detects a structure at moment t,, at range R, than the position of that structure P
withtupectwmarbitm'yrefumvector&(t‘,)isz
Pultm) = Ry m(ty) = Po(ty) + (i ty) W 32)
' in which m indicates the unit vector in the direction of the measurement.
The auxiliary lidar detects this structure at moment t, and at range R,. This can be described as:
— Pity) = Ry - a(t) = Bo(t) + (tt)* W (33)
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in which g is the unit vector in the measuring direction of the auxiliary lidar at moment t,.

If it is assumed that the patterns drift linear in the space-time domain (¢.g. no rotation) and that
the distortion due to the different cross sections of the laser beams is small, the wind vector can be
found from:

= M (3_4)
(ty - tm)

Substitution of (3.2) and (3.3), while eliminating the reference position, gives:

_ Re'a)- Ry 'mty) 05
Gt

Substitution of (2.1) and (2.5) in (3.5) leads to the solution of the wind componeats in the three
directions of the orthonormal system:

w

w

W, = [W( - cos(a,) - cos(a,) =
_ Rq " [c03(8) - CO8(Pem,za) * COS(Pamgg) + $IN(D) * SIN(Byy 0)] _
(ta - tw)
_ Ry CO8(fern ) * COS (P, )
(- tm)

(3.6a)

W, = |W| - cos(a,) - sin(at,) =

_ Ra[008(8) * cOMBernza) * $i0(Bam ) - 8IDB) * COB(B )]
(ta- tw) "
_ Rip " 0O8fiemn ) * S0 g0)
‘ (ta- tw)

(3.6b)

W, = |W| -sin(a) =

| _Ra'w‘(e)'m«naa)"h(’n.n)'km"h(’unm)

3.6¢
6w @60)

S
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Wl = W = modulus of W
6 = angle between the main lidar and the auxiliary lidar
= elevation of the main lidar at the moment t,

$unga = azimuth of the main Lidar at the moment ty,

The wind speed | W/ can be calculated from:
lwl =VW,2+ W 2+ W.2) 3.7
The horizontal wind direction can be calculated from W, and W, according to:
., = 2% - arctan(W,/W,) (3.8)

The term 27t is required because the wind direction is defined clockwise with respect to the North
while the angles in the Cartesian coordinate system are measured counter clockwise; it is assumed
that the x-axis is parallel with the North.

The vertical direction can be calculated by:
o, = arcsin(W,/| W) (3.9)
Conclusion
Equations have been derived to express the wind vector in measurable quantities of identified
structures and the geometry of the dual lidar,




TNO regort

4 CALCULATION OF DRIFT VELOCITY, CHARACTERISTIC LIFE TIME
AND CHARACTERISTIC SIZE OF THE STRUCTURES USING
CORRELATION TECHNIQUES

4.1 Introduction

In the previous section, a straightforward method has been presented for calculating the wind
vector in a plane using the dual lidar. Apart from the wind vector in the three dimensions, it is
also possible to determine the characteristic properties of the structures using 2 more extended
analysis. This is discussed in this section.

The principle of inverting the wind vector from the drift of atmospheric structures using an
incoherent lidar, is based on the work of Briggs (1950). At that time, the drift of ionospheric
irregularities was determined from the temporal behaviour of reflected radio waves, observed at
three different locations (three-point measurement). This principle is also applied here to
determine the wind vector from lidar measurements, but keeping in mind that the lidar will
provide information as a function of range (line-sensor).

The subject of determining the wind speed and the characteristic properties of the structures with
lidar in a one-dimensional space will be discussed first. This is followed by a description of a
method to invert the parameters with two point-sensors in a one-dimensional space which is
fundamental for calculating of the wind vector in a two- and in a three-dimensional space.

42 One-dimensional situation with a line-sensor

With a lidar, a profile can be measured along a line within a fraction of a second. This technique
has been sketched in Figure 4.1.
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Figure 4.1:  Principle of measuring patterns with lidar in a one-dimensional space.
A simulated lidar signal is shown in Figure 4.2a where the attenuation of the laser beam over path
of interest will not be considered here. After range-correction and subtraction of the running mean
(called 'detrenting’, after Stull, 1989), only the profile is left. This is shown in Figure 4.2b. First,
the characteristic size and the characteristic life time of the structures are derived from these data.
a b
[ 10
3 3
< of <
£ £
5 z
[ 2 o
o * B
< -
@ ®
[] -10
] 1 [} 1
RAANGE in km AANGE in km
Figure 42:  Fictive example of a the atmospheric strocture as measured with lidar (a). The same signal
after detrenting leaving the structure only (b).
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According to Briggs (1950) the characteristic size of the structures is determined at the 50%
height points of the spatial sutocorrelation function. This is shown in Figure 4.3.

o

1.00 -

0.00*

——

0 X

xc
Figure4.3:  Fictive example of the spatial autocorrelation function of a lidar return. The characteristic

size of the structures, x,,, is determined at the 50% points of the maximum value (Full Width
Half Maximum).

If the structures vary in time only (no drift) than the maximum value of the cross-correlation
fnnctionoftwomcmsivemds(umepaﬂubntdiﬂ’mtﬁmes)deamwiﬂ:inmasingﬁmc
between the measurements. According to Briggs (1950), the characteristic life time is equal to the
time delay between two successive records of which the (temporal) cross-correlation reduces to
50%. Figure 4.4 shows a simulation of the variation of the cross-correlation as a function of the
time delay between two records and the principle to determine the characteristic life-time, t,.




1.00 -

0.00 ° '

Figure 4.4:

Page

Simulated variation of the temporal cross-correlation versus the time delsy between
lidar records. The characteristic life time, t, is i
maximum value of the temporal cross-correlation has been decreased to
maximum value.

i
282

Thus far, only the gpatial autocorrelation function of one record is considered and the temporal

cross-correlation function between successive records. But, if the time series at range 'x' is cross-
correlated with the time series (same time interval) at x+Ax, than a point of the gpatial cross-
correlation function is obtained. By varying Ax over the whole space, the spatial cross-correlation
function is obtained. Because the structures will also change in time, the maximum value of the
} spatial cross-correlation function decreases as the time increases. Spatial cross-correlation
functions, for different time intervals but continuous in space, are shown in Figure 4.5a. A two-

, ! dimensional correlogram can now be constructed from a large set of lidar records as shown in
? Figure 4.5b (being the top view of figure 4.5a where the points of equal-correlation are connected

by dashed lines). Figure 4.5c show the same comelogram if space and time can be varied
continuously.

21




TNO report

a o T (
>( t=2. At

t=At

1=0

t=-At

—o—#—o—k—l—H—** t=-at X
—»—+—4————4—H t=-2.4t

O

Figure 4.5:  Spatial cross-correlation functions for a fixed number of time shifts (a). Top view of the
spatial correlation functions (b). Lines of equal correlation if the time between successive
records is very small (c).
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According to Briggs (1950) and Zuev et al. (1977), the kines of equal correlation sround the
maximum value of an iso-correlogram can be characterized by ellipses. The 50% iso-correlation
ellipse determines the characteristic size, X, and the characteristic life time, t., respectively at the
borizontal and the vertical tangent to the ellipse at altitude 0.5, as shown in Figure 4.5¢.
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In the next step, we assume that the structures in our one-dimensional space will also drift with a
constant velocity. This means that the temporal variations in the structures, as measured with the
lidar, are cansed by two independent effects: drift and turbulence. Due to the drift, the (peak of
the) spatial cross-correlation function of two records is shifted somewhat in space, as shown in
Figure 4.6a (time axis perpendicular to the figure). The shift is equal to the product of the drift
velocity and the time delay between the measurements. Due to turbulence, the maximum value of
the cross-correlation function has been decreased. If the spatial cross-correlation functions are
plotted in vertical planes, separated by time intervals of At, again a quasi three-dimensional
correlogram arises. The top view or the projection of that correlogram, in which the points of
equal correlation are connected by dashed lines, is shown in Figure 4.6b. Figure 4.6c. shows the
projection of correlogram if the time can be changed continuously.

Due to the drift of the structires, the axes the of the iso-cross-correlation ellipses are rotated
somewhat as can be seen in Figure 4.6b and 4.6c. Nevertheless, it is still possible to determine the
characteristic life time, ¢, the characteristic size, x., and the velocity, V, of the drift from this
figure as will be shown in the next section.

If there was no drift, the characteristic life time and the characteristic size were determined from
the intercepts of the ellipse, with a correlation value of 0.5, with respectively the vertical and the
borizontal axes. But in the presence of drift, the initial intercept of the ellipse with the vertical is
shifted in the horizontal direction by an amount equal to the product of the drift velocity and the
time delay. This means that in the presence of drift the characteristic life time, t., is determined by
the horizontal tangent to the ellipse with correlation value of 0.5. Because there is no shift in
horizontal direction on the x-axis (t=0), the characteristic size, x, is given by the intercept of this
ellipse with the horizontal axis.

The drift velocity, V, can be determined from the ratio of the characteristic size and the character-
istic life time but it is also possible to use the horizontal intercept of any other ellipse and its
vertical tangent.

Conclusion: The two-dimensional time-space correlogram, as derived from a set of consecutive
lidar measurements in a one-dimensional space, provides both the characteristic properties of the
structures as well as their velocity. The technique discussed here can be applied to determine the
radial wind in the horizontal plane.
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4.3 One~dimensional situation with two point-sensors

With two point-sensors, it is also possible to derive the characteristic life time, the characteristic
size and the velocity of the structure. This situation occurs ¢.g. when the dual lidar is used for
cross-wind measurement as a function of altitude, as shown in Figure 4.7. If the wind direction is
known, than the path between the sensors (sampling points) is defined.

____>“\ l,/’
20 v
height | = \\ / ____>x
T | \"k 4 ;
S S
\ , laser
| /' pulse
| \ ;
i v/
| \ :/
{ “./
!
- -1 - -
DUAL LIDAR

Figure 4.7:  Schematic set up for measuring the cross-wind speed as a function of height with a dual lidar
system.

At the moment, the objective is to determine the wind speed, given the wind direction and the
distance between the point-sensors, x5 Random structures move along the one-dimensional path
and are recorded as time series from two different locations. For the determination of the wind
speed, the time series from those two locations are cross-correlated. The quotient of the distance
between the sensing points and the time shift where the maximum cross-correlation occurs,
provides the drift velocity.

The determination of the characteristic size and the characteristic life time is somewhat different.
From the point of view of the two-dimensional cross-correlogram, as shown in Figure 4.6, ouly
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two temporal autocorrelations are available (which should be identical if the structures can be
described with an ergodic process) and one temporal cross-correlation function. This has been
sketched in Figure 4.8.

P=Pu

Figure 4.8:  Autocorrelation and cross-correlation functions of two time series measured at two different
locations (a) and their positions in the two-dimensional correlogram (b).

The inversion of the drift velocity and the characteristic properties of the structures is straight
forward but requires extensive mathematical evaluation. Therefore only the necessary basics of
the solutions will be discussed here. The full derivation of the two different methods have been
elaborated in the Appendices A, B and C.

The analysis is based on the assumption that the iso-correlation lines can be described by ellipses
(see Figure 4.5 and 4.6) as discussed by Briggs (1950) and Zuev et al. (i977). As shown in Figure
4.8b, the autocorrelation functions of the time series measured with the two point-sensors are
plotted in the vertical plane at x=0 (the results should be identical for the two time series). The
cross-correlation function is plotted in the vertical plane at x=x, which is equivalent with the
distance between the sensors. The objective is to derive both the characteristic size and the
characteristic life time of the structures as well as the drift velocity. This is done by calculating
the length of the axes of the ellipse and the angle of rotation.
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Method |:

A fictive iso-cross-correlation ellipse, constructed from the antocorrelation function and the cross-
correlation function as shown in Figure 4.8b, provides the coordinates (xq.tg) and (0,t;). A lengthy
algebra, which has been elaborated in Appendix B, provides the following results expressed in
direct measurable quantities:

The characteristic life time:
ter = V(24,2 @1
The characteristic size:

X9 b
- 42
xcl V(‘oz"‘lz) ( )

The wind speed:

. tl
V, = 0 4.3
! ('ozﬂlz) @)

Method 2:

If it is difficult to determine the maximum value of the cross-correlation function than it is also
possible to use the value of this function at t=0, the time shift t; where this function becomes
again equal to the function value at =0 and the time shift t, where autocorrelation function value
(0.5) is equal to the cross-correlation value function at t=0. With these three coordirates one can
also calculate the characteristic size, the characteristic life time and the drift velocity. The algebra
has been elaborated in Appendix B and the results are given in (4.4) to (4.6)

The characteristic life time:

2‘(22

T 9

The characteristic size:

X =Xy 4.5)




TNO report

s§

The velocity of the drift:

tl-xl

4.6)
(V7%

Conclusion

In the one-dimensional situation, the wind speed and the characteristic properties of the eddies
can be derived from the time series of the data recorded with two point-sensors some distance
apart. The objective is reached by analysing the auto- and cross-correlation functions obtained
from recorded data sets. The only requirement is that the time series are long enough to describe
the with suffici istical relisbility.

44 Two-dimensional situation with two line-sensors

The borizontal wind speed and wind direction can be inverted from two sets of lidar
measurements recorded simultaneously in two different directions as shown in Figure 4.9.

Figure 4.9:  Set up for
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The calculation starts with the time series of the atmospheric backscatter at range R, This time
series is cross-comrelated with all available time series as measured with the second lidar. From
the set of cross-correlation functions, the one which provides the largest cross-correlation value
indicates the position R,. The time delay, of the maximum value in the corresponding cross-
correlation function, is equivalent with the time required for the structures to move from position
R,, to position R,. As a result, the wind vector can be calculated. This principle is equivalent with
the method described in previous section and has been used to derive the horizontal wind vector
as described in section 5.2.

45 Three-dimensional situations with three line-sensors

The wind vector in a horizontal plane can be derived from horizontal lidar measurements
performed in two different directions as shown in section 4.4. By expanding this idea to three
lidars, the wind vector in three dimensions can also be found. (It is assumed, that within the
dimensions of the experiment, the acrosol eddies drift only in a linear direction without rotation.).
The practical realization of this principle has been sketched in Figure 4.10.
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In this case, the time series of the atmospheric structure, measured with the first lidar (A) at 2
selected location (height) is cross comrelated with the time series of the second lidar (2) over all

' available locations (heights). From this set of cross-correlation functions the one that provides the
largest cross-correlation value is chosen to belong to the most likely second location (B). The
time shift, which corresponds to the maximum value in the cross-correlation function, is
equivalent with the time required for the structures to drift from position (A) to position (B). In
the same way, the best correlation of the time series from position (A) is selected from the time
series of lidar 3. This provides the third location (C) and the second transit time. The three
locations A, B, and C define the planc of the wind vector assuming that the structures drift with
the wind and that the size of the structures and the selected locations do not influence the results.
The triangle ABC has been redrawn in Figy. 4.11.

Q.B . QC - Atg:Ata

QcC= |!| -At'

Figure4.11: Geometry of the three sampling locations as defined in Figure 4.10 from which the wind
vector is calculated.

Calculation of the wind vector
For large structures, the transit time, At, to drift from A (thus from Q) to B is determined by the
i ratio of the path length Q'B and the wind speed. In the same way, the time required to drift from

-——— e L

L':‘»‘
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A (from Q) to C, Aty, equals the ratio of QC and the wind speed. To derive the wind vector, first
the angles a and P are calculated which define the whole geometry of the figure. Then the wind
direction is given by the unit vector along QB (or along QC) and the wind speed can be
calculated from the ratio of Q'B and At, (or the ratio of QC and Aty).

Due to the measuring principle, the wind vector W is in the shaded plane & which will be
described by the vectors b and ¢ being respectively the unit vectors along AC and AB. If 7 is a
unit vector along Q-Q' than the scalar products of r with b and with ¢ provide:

r.b = cos(180-0) = -cos(ar) 4.7)

I.¢ = cos(f) “4.8)
Because:

QB = |W| -At, = AB -sin(®) 7%

QC = |W! - Aty = AC - sin() (4.10)

one can eliminate |W| and find the relation between o and p expressed in measurable quantities.
This results in:

AB- sin(B)_ AC - sin(e)

“4.11)
Ay Aty
Because:
o+p+y=180 4.12)

in which vy is given by the geometry of the experiment and the Jocations of A, B and C, a second
equation is available to solve for both angles. Substitution of equation (4.12) in (4.11) and
eliminating o leads to:

Aty _ AC sin(y) cos(P) + sin(B) - costr)

A3
Ay, AB sin(B) “13




sin(Y)
A, AB

Elimination of  from equations (4.11) and (4.12) leads in the same way to a solution of a.

(4.14)

tan(B) =

tan(x) = (4.15)

The wind gpeed can be calculated either from equation (4.9) or from equation (4.10) using either
equation (4.14) or (4.15) respectively.

An auxiliary vector b, which is perpendicular to plane €, can be described by the unit vectors b
and ¢ According to:

b =bxg 4.16)

Note that the cross product of the unit vectors r and b provides the unit vector in the wind
direction (w=rxh) which can also be described by the triple product:

I1xh = x@xg @4.17

The left hand side of (4.17) is equal to the unit vector in the wind w. Elaboration of the right hand
side of (4.17) results in:

¥ =b2@0-cGb 4.18)
Substitution of equations (4.7) and (4.8) provides the unit vector in the wind direction:
¥ = b-cos(B) +¢ - cos(x) - (4.19)
Conclusion
A method has been described to determine the three-dimensional wind vector. This method is one
step further than those published so far, which derive only the horizontal wind component as a

function of altitude. The new method might be interesting for mapping convection. The combined
set of equations derived in this section and in the previous section will be used in the next section.
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5 EXAMPLES OF LIDAR RESULTS AND THE DERIVED WIND VECTOR

5.1 Introduction

Experiments on the determination of the wind vector with the Mie lidar started in the spring of
1991. After a period of developing software, improving the laser and improving the receiver, the
routine measurements were started in August 1991. These measurements were performed in a
fixed horizontal and fixed vertical direction to determine the temporal behaviour of the
atmosphere. The lidar was used also in the scanning mode, in a horizontal and a vertical plane, to
map the spatial atmospberic structure. In a later stage, the trisngulation measurements were
performed as well to determine the wind vector as a function of height.

Some of the data sets obtained with the dual lidar are shown in this chapter. Section 5.2 describes
a subjective impression of the amount of structure generally found in the data sets (the structure is
necessary for deriving the wind vector). In section 5.3, some results of the horizontal
measurements are presented and in section 5.4, some results of the vertical measurements. In
section 5.5, some results are presented, obtained from triangulation measurements to a maximum
altitude of 1000 m.

52 Statistical overview of the results in the period September 1991 - January 1992

In the period September 1991 - January 1992, 82 successful experiments were carried out with the
dual lidar. These experiments consist of a set of horizontal and a set of vertical measurements.
The structure in the data sets has been visualized by subtracting the average value from each
sample and by displaying in false colour only the variations within three times the standard
deviation. The structures obtained were subjectively cl.ssified from O (no structure) to S (much
structure). Table 5.1 shows the results of this analysis.
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Table 5.1: Nmammumwhmm.wmd

January 1992.
Number Percentage

Class Horz. Vert. Horz. Vert.

0 49 12 60 15

1 16 30 20 38

2 6 15 7 19

3 1 7 1 9

4 6 7 7 9

5 4 8 5 10

Total 82 79 100 100

The results of Table 5.1 indicate that in only 12% (class 4 and 5) of the cases there is sufficient
structure to determine the horizontal wind vector. In the vertical direction, 19% of the data sets
show sufficient structure.

The large number of occasions with insufficient atmospheric structure might be caused by the
perfect mixing process of the acrosol eddies at low altitude. If inversion layers are present, much
structure is observed at the top of the boundary (entrainment layer), but this interval is too limited
to determine a wind vector within the whole mixed layer. Above the mixed layer, however, where
less aerosols are present, no structures have been detected.

To determine the wind vector as a function of altitude, the lidar was pointed in three different
(elevated) directions as described in section 4.5. In the period November 1991 to January 1992,
37 triangulation measurements were performed. The decision to perform such a complicated
measurement was based on results of the vertical measurement. The data sets were classified as
shown in Table 5.2,
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Table §.2: Distribution of the classes of the results of the triangulation measurements. See also text

with table 5.1.
Class Number Percentage
0 4 10
1 10 27
2 10 27
3 8 2
4 4 11
S 1 3
Total 37 100

Only the classes 4 and 5 provide sufficient information to determine the wind vector from the data
sets. This means only in 14% of the cases, whereas this type of measurement was only performed
if the vertical measurement provided enough information. The reason for this low percentage
might caused by the relative long time interval for this type of measurement.

53 Some results from horizontal measurements

Some resuits obtained from horizontal measurements are presented in this section. For clarity,
first some results for cases with no atmospheric structure are presented. Next, some data sets are
shown with sufficient structure. At the end of this section, an overview is given of the horizontal
wind vector determined from a number of data sets.

Data sets with no structure
Two examples of data sets which show no or very little structure, are presented in Figures 5.1 and
5.2. The actual meteorological situation is printed in the figures.

The vertical lines in the figures might be cansed by variation of the reference level or the laser

energy. In this stage of the experiment it is not possible to compensate for these effects. The
horizontal lines are only preseat in the figures and do not influence the final results.

The lidar data set shown in Figure 5.2 has some structure in the first half of the period but with
limited signal-to-noise ratio.
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File: 911125-240029-1630

Wet bulb -14
Rel Humidity - 934
Pressure - 1009,7
Visibility - 44

58

$00 °C Trmsmission -887 34 %
£00 °C Scintillation - 102 00 -
+04 % Windspeed -265 07 mfs
+ 025 bPa Wind direction - 1422 +39 Degr.
+ 005 km




File: 911127-27063138-0631-0636

Meteo:

Toempersture - 9,37 008 °C Transmisgion -67,74 +358 %
Wet bubb - 8,00 £ 000 °C Scintiliation - 246 035 -
Rel Humidity - 83,71 10938 % Wind speed - 032 027 mhs
Pressure - 102099 * 026 hPa Wind direction - 98,82 £ 1,55 Degr.
Visibility - 275 + 004 km

Figure 5.2: Rngavumﬁneﬁme lhclmumc

recorded by the lidar. Lower figore: data wmhwdmmu
set as
Horizontsl axis: 0-27 ll;vaﬁalaxk:o-mmm.ﬁuradnﬁdu
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Data sets with structure
In some situations the lidar detects much atmospheric structure. This may occur both during
(light) precipitation but also during very clear atmospheric conditions.

The first example of an atmosphere with much structure is shown in Figure 5.3.

Figure 5.3 shows the spatial-temporal behaviour of the atmospheric aerosol structures as
measured with one lidar. This example with so much structure is very uncommon. Unfortunately,
no results of the second lidar are available. This data file has been elaborated in more detail in
Kunz, 1993.

Other examples of inhomogeneous horizontal atmospheres, as measured simultaneously with two
lidars, are shown in Figures 5.4 and 5.5. Because the wind is almost in the direction of the lidar,
the patterns have negative slopes with respect to the horizontal axis, ie. the structures are
advected toward the lidar and get closer between each sounding.
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File: 911001-01095450-0901-0903

Meteo:

Tempersture - 11,6 002 °C Transmission - 91,2 14 %
Wet bulb - °C Scintillation -55 + 068 -
Rel. Homidity - 86,6 03 % Wind speed - 581 192 mfs
Pressure -9%4,1 103 bPa Wind direction - 2056 % 5,83 Degr.

Visibility -59 %01 Ikm

Fligure 5.3: figure: aw data as measured by the lidar. Lower figure: same data after detrenting.
mﬂﬁﬁ o-ms;vaﬁalui‘zO-IMm.
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File: 911024-24083640-0835-0845, part 1

Meteo:

Temperature - 10,07 £010 °C Transmission
Wet bulb - 9,27 +010 °C Scintillation
Rel Humidity - 95,80 £136 % Wind speed
Pressure - 102450 £ 023 hPa ‘Wind divection
Visibility - 43,25 £ 0,004 km

Figare 54: U figure: raw data as measured by the lidar. Lower

-9144 1254 %
-2889 0269 -
-268 £073 mis
-281,83 + 249 Degr

figure: same data after detrenting

axis: 0-272 s; vertical axis: 0-1680 m, for each lidar. See also figure 5.5.
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File: 911024-24083640-0835-0845, part 2

Figure 5.5: Gomﬁnndﬁomﬁng-tU figure: raw data as measured by the lidar. Lower figure:
data after detrenting. Iﬁm:omlmo-m;vaﬁedﬁ':.yO-IQOm. for each leader.
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Analvaia of the lidsr data from Figure 5.6 and 5.5

a. Radial wind speed derived from the direction of the patterns
The slope of the structures, with respect to the horizontal axis, provides the radial wind
speed. The estimated value for the slope is about 7.06 m/s (1920 m/272 s) while the actual
wind speed was about 2.68 £ 0.73 m/s. This large difference will be discussed later.

b. Wind vector determined by cross correlating time functions
The duai lidar provides the possibility of measuring the transit time of the atmospheric
aerosol eddies between the two lidar axes as discussed in the previous sections. In this
example, the time series at a certain range from the first lidar is cross correlated with the
time series at differeat ranges from the second lidar. That pair of time series which provides
the largest value in the cross-correlation function, indicates the maximum likelihood of the
' structure. The time shift of the peak in the correlation function gives the transit time. In this
example, the time series of the auxiliary lidar at 750 m is cross correlated with the time
series of the main lidar between 540 and 1140 m. The maximum value, the time shift and the
uncertainty (90% value) in the time shift are shown in Table 5.3.

Table 5.3; Maximum values of the cross-correlation function and the time shifts. Data file 24083640,

peak time uncertainty
ﬁ of the shift of the time

Ndar CIOss ootT. ins ins

640 0.655 112 48

655 0632 102 44

620 0.620 64 4.1

678 0611 51 37

685 0.625 37 34

93 0.566 27 4.1

700 0537 14 37

708 D43 07 4.1

b 718 0408 14 34

723 0387 . -20 31

730 0399 <31 37

745 048S 4.1 43

60 0.641 44 51

775 0.738 . <58 5.1

790 0.260 . 35 54

‘805 =316 58

$20 0.749 -136 6.1

- 838 0777 -163 63

250 0814 -18.7 64

868 0.760 1 8| 63

830 0830 - <200 - 15

93 0463 -22.1 1

. ”s 0% 262 65

963 0.789 -6 6.1

1000 0710 <398 68

1078 516 75

[
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MAX. CROSS CORRELATION VALUE
and TRANSIT TIME

- @~ Crs-Crr + Shitt
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(RANGE t-st LIDAR: 750 m)

Figure 5.6:  Results from the cross-correlation calculation. The dots indicate the maximum value of the
cross-correlation functions (left scale). The plus signs and the efror bars indicate the time
shift (right scale).

The time series from the auxiliary lidar at 750 m and from the main lidar at 908 m are shown in
Figure 5.7a. Autocorrelation functions derived from the main lidar data, calculated at ceatre of the
time series over different time windows, are shown in Figure 5.7b. The cross-correlation function
of the time series from the main lidar with the time series from the suxiliary lidar, are shown in
Figure 5.7c.
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Figure 5.7:  Time series from Figure 5.4 and 5.5 (a). Autocorrelation functions of the main lidar, at
Mmmg.mmemdmmmmmmmmw
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The characteristic life time, t., and the characteristic size, x., of the structures have been
calculated from the auto- and cross-correlation functions according to equations (4.1) and (4.2)
resulting in: t= 23.740.5 s and x = 184.5:1 m. The uncestainty shown follows from the variation
of the three correlation functions, however, the actual uncertainty can only be estimated after
analysing all the time series.

From Figure 5.6, the uncertainty in the position of the peak in the cross-correlation function (90%
values) has been indicated. This means that the data record of the second lidar comes from range
907.50+17.37 m and has a delay of 24.1116.8 s. Taking into account the geometry of the dual
lidar, the calculated wind speed becomes 7.1111 m/s and the wind direction becomes 314.90+2.2
degrees with respect to North. The actual wind direction was 281.842.5 degrees and the wind
speed was 2.68+0.73 m/s.

To find a reason for the discrepancy between the lidar and the cup anemometer, the data file was
also analysed at other locations in the record. Moreover, other data files with sufficient structure
were analysed. If possible, also the wind speed was derived from the direction of the patterns in
the false colour figures. The results of these analyses are summarized in Table 5.4.

Table 5.4:  Summary of the results of the wind speed analyses

dase file wind cap anemometer slopc  wind derived with lidar index
911024 24083640 2.6842.49 28183583 7.06 66241427 294,19+ 9.45 50
634k 126 292.68% 75

203
6.76¢ 155 284.73: 197 100
470 1.20 289.63t 2.95 123
5.04¢ 233 278.49£1129 150

911025 25100943 0524128 109.14+2.18 320 350+ 020 116.90 0.60 50
3.15+ 048 118.194 0.53 75
350+ 048 11628+ 3.50 75
420 0A8 118.19£ 053 75
g% - 108.99+ - 100
390t - 102.76¢ - 100
554t - 113.67¢ - 100
911106 06093624 545+131 2449012.7 - 9.12£14.40 269.06+53.70 40
759£11.80 24428458 40 50
5.60+3.62 23447438 51 80
911108 05045383 5.9041.11 3314146.13 790 6.07:325 329.99+10.24 40
6472720 69.93134.61 40
521+2587 329.99+1024 40
642+ 3.68 351.87+19.00 60
7.18£2.53 34023+ 821 80
911217 17145700 50141144 209554525 - $41£14.53 276.31460.99 60
911204 04163230 0.3640.31 241.0442.61 - 2.744 6.37 268.06+108.0 40
374k 1.18 299.204 1.68 40
1.18£051 26920+ 5.24 LY
911211 11148530 1.8440.64 127971392 250 2784130 13246£5.31 40
911220 20142702 10.10:1.62 296.76:+1.26 - 20.64:10.73 284.7342423 50
2041x3483 300.10:442.00 50
920115 15130758 1.9540.56 322314537 50
920127 27092458 1.7540.69 23.6946.75 3
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The results from Table 5.4 have been summarized in Figure 5.8. To clarify both the different data
files and standard deviation in the results, two figures have been made. The left figure shows the
. mean results from the different measuring periods and the different data files while the right
figure displays only the mean results and the error bars.
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Figure 5.8:  Mean horizontal wind speed as desived with the lidar versus the wind speed as measured

with the anemometer (left). The different symbols refer to different

data files as
indicated in able 5.4. The mean values and the standard deviations (right). Note that the

The relation between the horizontal wind direction as derived with the lidar and measured with
the wind vane, selected from different data files, is shown in Figure 5.9. The left figure shows the
mean values of different data files and different periods; the right figure shows the standard
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with the wind vane (left). Different symbols refer to different data files as indicated in Table
b:'Smu&endnﬁgmbmwhhmdudMM) Note that the largest emror

appeared that the wind direction as derived with the lidar shows a good correlation with the data
ﬁmmwmdm.mummmmwhdwmmmmmofm
cup ancmometer. (This was a reason to compare the cup anemometers with an other one. In a later
m.hmmmeiﬁnmmm.)MMh
mmumwmmummum«mmhmm
mmﬁmmmwmmmmmumm
A reason for the discrepancies between the lidar and the cop anemometer might be the vertical
whhwﬂMdeadnmmhm
mmwﬁmummmmmdhmm
effect has been indicated in Figure $.10.
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Figure 5.10: Example of an structure which canses the same effect in a lidar data set if it
drifts either or vertically.

An other reason for the discrepancy between the lidar and the cup anemometer is the difference in
height of the sensing volumes. The TNO meteo-tower, with the cup anemometer on top, is
situated in a hollow of the dunes while the lidar, for safety reasons, measures always over the
dunes. Because, in the lowest part of the mixed layer, the wind increases as a function of altitude
the lidar derived wind speed is always larger. At this stage of the experiment it is not possible to

54 Some results from vertical measurements

Some examples of lidar returns, measured at an elevation angle of 33 degrees, are preseuted in
this section. Both the raw lidar data and the processed data are shown, including the actual meteo.
The processed data is obtained from the raw data by detreating per row. The first two examples
are selected from the group in which the returns show only very limited amount of structure at
low altitudes while the other two examples have much more structure over the whole vertical
range. Vertical lidar measurements provide information on the atmospheric structure as function
of altitude being the basic information for wind calculations.

Figure 5.11 is an example of a situstion where the atmosphere is well mixed to an altitude of
about 700 m. Above this height a cloud is detected, which provides some structure in the interval
from 700 m to 900 m.
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File: 920113-13141030-1410-1415

Meteo:

Tempersture - 5,65 +010 °C Transmission -8990 1163 %
Wet buld - 4,14 +£009 °C Scintillation - 3,64 +030 -
Rel Humidity - 7928 1130 % Wind speed - 0,34 £029 mis
Pressure - 103464 + 028 hPs Wind direction - 30596 £ 391 Degr.
Visibility - 4,69 + 069 km

Figure $.11: Results of lidar measurements at an elovation angle of 33 dogrees. The atmosphere is

axis: 0-2016 m, for each lidar.




File: 911003-03122439-1224-1227

Temperstare - 1620  + 002 °C Trosmision - 9109 +121 %

Wet bulb - -3 °C Scintillation -1L19 £ 0945 -
Rel Humidity - 77,09 + 0202 % Wind speed - 6,47 +126 mis
Pressure - 1004,14 % 7,136 hPa Wind direction - 224,36 =+ 4,81 Degr.
Visibility - 8,66 019 km

Figure 5.12: Results of lidar messurements at an elevation angle of 33 degrees. Undulsting structures are

from about 300 to sbout 700 m sititude. Horizontal axis: 0-187 s; vertical axis:
0-1536 m, for cach lidar.
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Some more structure over the whole range of the lidar is shown in Figure 5.12. However, in this
example, noise obscures the atmospheric structure.

The white vertical lines in the lower panels of Figure 5.12 are caused by interference from the
graphical display to the lidar receiver. This occurs sometimes. The reason for this cross-talk is not
understood.

55 Some results of triangulation measurements

The triple lidar has been simulated by pointing a single lidar consecutively in three different
directions. Five single shot measurements in each direction were averaged to improve the signal-
to-noise ratio and to minimize the time spent to point the lidar in the desired directions. The raw
triple-lidar-data-set of the first example is shown in Figure 5.13a, the data after detrenting is
shown in Figure 5.13b.
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File: 920117-17090528-0905-0922

Meteo:

Tempersture - 5,0 £00 °C Traosmission - 90,1 £265 %

Wet bulb -36 £00 °C Scintilistion - 6,3 034 -

Rel Homidity -8021 =00 % Windspeed - 24 +£058 m/i
Pressure - 103,77 £ 0,14 bPa Wind direction - 3348 % 648 Degr.
Visibility -377 %08 km

Pigure 5.13: Raw lidar dats in false colour as measured in three different directions in a time versus

height figure (s). Results of the same data set after detrenting (b). Horizontal axis: 0-1004 s;
vestical axis: 0-2160 m. ®
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The data set shown in Figure 5.13 was analysed with the assumption that the wind vector was
stratified horizoantally. No vertical component has been calculated here. The horizontal wind
direction thus derived as a function of altitude is shown in Figure 5.14a. The wind speed as a
function of altitude is shown in figure 5.14b. The variation in the consecutive data points can be
considered as an indication for the uncertainty. (In this stage of data processing no error bars were
calculated.) A second example of the triple lidar method is presented in Figure 5.15.
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400 | ..‘ 400 ”
200 Y 200 | ‘%‘

o A e o I — A e A
] 80 180 270 380 5 10 15

Figuur 5.14: Horizontal wind direction (left) and wind speed as a function of altitude (right) as derived
measurement.

WIND DIRECTION vs NORTH

with a triple lidar

WIND SPEED in m/s
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File: 911206-06141916-1420-1433 54

Metco:

Tempezrature - 361 £ 011 °C Transmission - 90,98 1,2 %
Wet bulb - 201 + 004 °C Scintillation - 6,29 071 -
Rel Humidity - 7608 £159 % Wind speed - 0,87 + 037 mis
Pressure -10376 %021 hPa Wind direction - 280,86 * 1,39 Degr.
Visibility - 39,73 £ 077 km

Figure 5.15: Raw lidar data in false colour as measured in three different directions in a time versus
height figure (a). Results of the same data set after detrenting (b). Horizontal axis: 0-789 s;
vertical axis: 0-1440 m.
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In this case, the three-dimensional wind vector was calculated as function of altitude. The results
are converted to horizontal wind speed, vertical wind speed and horizontal wind direction and are
shown in Figure 5.16.
a 700 b 700 -
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WIND DIRECTION vs NORTH WIND SPEED in m/s
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200 +

100 ¢
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Figure 5.16: Horizontal wind direction as a function of altitude (a), horizontal wind speed as a function of
altitude (b) and the vertical wind component (c).
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The applied algorithm provided no emror bars but the variation in the results may give an
impression of this aspect. At altitudes below 100 m, the results were calculated at each available
range bin. Above 100 m, the wind vector was calculated each fifth range bin. At low altitudes, the
calculated wind direction corresponds with the results of the wind vane. At higher altitudes, the
spread in the wind direction was less than at lower altitudes. At low altitudes, the calculated wind
speed is about 0.3 m/s. This is within the range of the wind speed as measured with the
snemometer. The calculated vertical wind speed shows more variation at low altitudes which
might be cansed by turbulence or by the uncertainty in the data. At low altitudes, the uncertainty
in one range bin or one time bin has more effect than at larger altitudes.

No reference instrument was available to verify the results.
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6 SUMMARY OF ACTIVITIES AND RESULTS IN THE FIRST PERIOD

This report covers part of the activities of the project DWARSWIND', A90K696, in the period
January 1991 to March 1992. In that period, a large amount of software has been developed for
the new hardware (controller for the equipment, graphics display and the fast Fourier board.
See Kunz, 1992a.). Furthermore the bleachable dye Q-switch of the lsser was replaced by a
normal Pockels-cel. This resulted in better laser stability. The interference filters in the receivers
were replaced by types with a smaller bandwidth and the noise performance of the receivers was
analysed and improved. It is expected that the electronic noise can still be reduced by about a
factor 5 if other components are used. (See Kunz and Moerman, 1992.) In the second half of 1991
the hard- and software were sufficiently reliable to start measurements on a routine basis for this

project.

It appeared that only part of the measurements showed (sufficient) . ‘ructure to calculate the wind
vector. The amount of structure has been determined subjectively trom false colour images of the
data sets (for this purpose, only the variations within three times the standard deviation per range
bin are displayed). The results of this classification were presented in section 5.2.

In the second semester of 1991, software was developed to calculate the horizontal wind vector
from the (horizontal) dual lidar measurements and to calculate the wind vector as a function of
altitude from lidar measurements in three different (elevated) directions.

The results from the horizontal measurements show that there is a good correlation between the
lidar derived wind direction and the wind direction as measured with a wind vane. The wind
speed as derived with the lidar is higher than the results from the in situ measurements. Possible
reasons for this discrepancy could be the vertical component of the drift of the structures as have
been discussed in section 5.3, are the position of the cup anemometer in the dunes and the
difference in altitude of the sensors. The time required to perform a lidar measurement is of the
order of a minute. However, calculating of the horizontal wind vector. takes several minutes per
range bin at this moment.

By measuring simultancously in three different (elevated) directions, the wind vector can be
determined as a function of altitude. The principle described in the literature is based on the
correlation of time series of the backscattered radiation from three different time series at a fixed
height. The proposed method, however, derives the three-dimensional wind vector as a function

57
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of altitade. The triple lidar method has been simulated by pointing the lidar subsequently in three
with the assumption of a horizontally stratified wind vector and the second one without this
limitation. Although the results at low altitude are comparable with the data from the cup
anemometer/wind vane, a direct in situ comparison is not possible at the moment. The time
required to measure a triple set of lidar data varies from 15 minutes to about 30 minutes. This
time can be improved by using the second lidar with a better logarithmic amplifier or by
constructing a lidar with three axes. At this moment, comrelation calculations for the three-
dimensional wind vector as a function of altitude requires several hours of computer time.

It is worthwhile to verify whether lidar signals revealing structures are (partly) due to refractive
index variations of the air. A brief preliminary discussion of this topic is preseated in Appendix
D. In the framework of this project, the author has described this topic in more detail in a separate
report (Kunz, 1992c). See also Kunz, 1993.




7 FUTURE ACTIVITIES

The experiments performed and the results obtained have shown that the wind vector can be
sensed remotely with a Mie lidar using direct detection. The technique is mainly based on cross
correlating time series measured at different positions. Among others, a task for the future is to
improve the inversion schemes and investigating other mathematical tools like simulated
annealing and cross spectral phase analysis as proposed by Hooper and Eloranta (1986).

At this moment, the three-point measurement is based on measuring consecutively in three
different directions. With the dual lidar, however, measurements in only two different pointing
directions of the platform will suffice in theory.

The lidar hardware itself can also be improved on a number of points:

- suppression of the interference which occurs during the rotation of the platform
- stabilisation of the laser output with a new Pockels-cel

- using a better log-amplifier in the auxiliary lidar

-  improvement of the mechanical stability of the beam of the auxiliary lidar.

In the near future, lidar measurements will be performed near the 213 m high mast of the Royal
Meteorological Institute.
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Appendix A Page

HORIZONTAL AND VERTICAL TANGENTS TO AN OBLIQUE ELLIPSE
This appendix describes some basics for analysing the characteristic ellipse as shown in Appendix

B and C. Here, only the coordinates of the horizontal and vertical tangents to an oblique ellipse
are calculated. The geometry is shown in Figure A.1.

Y]

1an = v /

(xmm ymh)

Figure A.1:  Oblique ellipse with its horizontal and vertical tangents.

The oblique ellipse shown in Figure A.1 can be described by:

V- 2
“_f‘z_vz_’ *% -1 A)

where:

2a = length of the horizontal axis

2b = length of the vertical axis

V = coefficient of rotation of the ellipse

The (upper) horizontal tangent and the (right) vertical tangent to the ellipse are determined by
considering equation (A.1) as a implicit function of x and y which can be described as:
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F(xy): (l%’f)—z + 12—2 -1=0 (A2)
‘ The horizogtal tangent follows from
a_f =0 (A.3)
x
which leads to:
X+V-.y=0 (A4)

Substitution of (A1.4) in (Al.1) gives:

Xph = bV and  yp=1b (A.5)
The vertical tangent follows from:
oF 0 (A.5)
3 .
which leads, after some algebra, to the line on which the extremum must lie:
-V-b2-x an
Y= v '

Substitution of (A.7) in (A.1) leads, after some algebra, to:
Xgy = £ V(@2 + V2. b2) (A.8a)

and

, V.12
Yan = 2 F@ VIR 50
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DERIVATION OF THE CHARACTERISTIC PARAMETERS OF AN OBLIQUE ELLIPSE

An oblique ellipse can be described by equation (B.1). In this appendix, some methods are
described to calculate the parameters a, b and V.

Approach ]

Input parameters are the intercept with the vertical axis at coordinates (0,yqp) and the vertical
tangent at coordinates (xy,yy).

Y|

Yo~---

{x4,¥1)

Figure B.1:  An oblique ellipse with the intercept at coordinates at (0,yo) and the vertical tangent at
coordinates (xj,y;).

The oblique ellipse is described by:

x+V-y? y2
T +§ = 8.1

where:
2a = length of the horizontal axis
2b = length of the vertical axis
V = coefficient of rotation of the ellipse

The ellipse is shown with the horizontal and vertical tangents in Figure B.1.
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The basic equations to calculate the parameters a, b and V, of the ellipse are:

‘ coordinate (0,yg) B2
x,2 = a2 + b2 - V2, see equation (A.8a) B.3)
Y1 V-2

A R ion (A.8b 4
x; (a2+V2.p?) see equation (A.8b) ®4

Solving parameter b:

From (B.3) and (B.4) an expression for V2. b2 is derived. This leads to:

2
B.5)

2.
Y1©° %1

V2.p2 =
b2

Using (B.1), (B.2) and (B.3) an other expression for V2 - b2 is derived:

x2- 2 - yod)

2.8 =
V2.2 =

(B.6)

Combining the equations (B.S) and (B.6) leads to:

b = V(ye2 +y,?) ®B.7)

Substitution of (B.7) in (B.5) provides an expression for V:

R
Go? +¥1?) . ®8)

Solving the parameter a;

Substitution of (B.7) and (B.8) in (B.3) provides an expression for a:
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X1 Yo

- q(3!12 +Yod

B.9)

Coyclusion:
The parameters of the characteristic ellipse can be calculated, if the coordinates of the intercept
with the vertical axis and the coordinates of the vertical tangent are given.

Approach 2
The characteristic parameters of an oblique ellipse can also be determined if the intercepts with

the vertical axis and with the horizontal axis are given and the intercept with the vertical through
the horizontal intercept. This is shown in Figure B.2.

Figure B.2: The characteristic ellipse, mzmgthevauedmdmehaumhlmrespecuvlyat

ooadmm (0,y2) and (x4,0). A third coordinate is given by the vertical line xa0)
which crosses the cllipse at (x1,y;). froseh (o

The equations to calculate the parameters of the oblique ellipse are:

Z=1 o [#=x | ya0 ®.10)

B3
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B4

X +V-y1? y.?
_I_EJL + %;_ =1, &) (B.11)
VZ-y2 y)?

2 + Bz_ =1, ©, Yz) (8.12)

Substituting of (B.10) in both (B.11) and (B.12), while eliminating b2 results in an explicit
equation for V:

x, +V- 1 vz 1
& 2 );1)2 w22 (®.13)
nex Y1 LSS /')
Some algebra leads to:
nx
V =
2'y22 (B.149)

The parameter b can be found by the substitution of equations (A2.10) and (B.14) in (B.12). This
results in:

yi? ML (B.15)
498 B y? )

which leads directly to a solution for b2:

4oy24
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Appendix C

A GENERAL SOLUTION OF THE CHARACTERISTIC PARAMETERS OF AN OBLIQUE
ELLIPSE

In Appendix B, a solution was given to derive the characteristic parameters of an oblique ellipse
in two special situations. In this appendix, an attempt will be made to solve the characteristic
parameters in the case that the intercept with the vertical axis is given and two other coordinates,
which describe the intercepts with an arbitrary vertical, as shown in Figure C.1.

Figure C.1:  The characteristic ellipse with the i at the vertical axis and two poi i
 aracter ellipse intercept points crossing an

In principle, the problem can be solved completely because three parameters describe the ellipse
and three coordinates are given. However, it appeared that this problem can only be solved with a
very lengthy algebra which has not fully been described here. For example, the final equation for
the parameter V is:
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The solutions for the parameters b and a are even more complicated.

Although this solution is more general and includes the other two described in Appendix B, the
complexity of the solution does not justify its elaboration at this moment.

Nevertheless, the advantage of this method would be that a more general solution becomes
available which can use different values of the cross- and autocorrelation functions as discussed
in Chapter 4 and 5 of this report. This would improve the quality of the solution because a larger
interval of the functions is used in stead of only one point.
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Appendix D

AN ESTIMATION OF REFLECTION OF AIR LAYERS WITH DIFFERENT TEMPERATURE
AND PRESSURE

Thus far, it has been assumed in this report (and also in the literature) that atmospheric structures,
as measured with lidar, are a result of (drifting) acrosol structures. The difference in aerosol type
and/or concentration of these structures causes a modulation on the backscattered signal.
However, it is also possible that the signal varies due to local differences in refractive index. The
atmospheric refractive index varies with temperature, pressure and relative humidity. If these
variations are large enough, they can act as spatial Fresnel reflectors.

The objective of this section is to investigate the effects of local refractive index variations on the
reflected signal.

The value of the refractive index of air, which varies with temperature and pressure, can be found
in several publications like Brookner(1977), Cliffort (1977), Zuev (1982) and Falcone and Dyer
(1985).

,-1) = 776-(1+7.52-103 - 12 -;- 106 ®.1)

in which:

n, = refractive index of air

A = waveiength of the radiation in pm
P = pressure in millibars

T = temperature inK

Literature on this subject indicates that the relative humidity has orly a minor influence on the
refractive index for radiation in the visible part of the electromagnetic spectrum. Therefore, the
total variation in the refractive index can be described by:

dn, = 5 dr+a.:‘ dT D.2)
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In an atmosphere with a temperature of 300 K and a pressure of 1000 mBar, the refractive index
at a wavelength of 1 um varies about 10-7 if the temperature varies 0.1 K and the pressure varies
0.1 mBar. As a result, the reflection is about 10-14, In our situation, where the laser power is about
1 MW and the noise equivalent power of the receiver is about 5 nW, the amount of power
reflected from such an air layer is detectable.

Conclusion

A first investigation shows that step like differences in temperature and pressure might introduce
variations in refractive index of air which are strong enough to produce detectable reflections in
the lidar receiver. A more extended description of this subject has been published by the author
(Kunz, 1992c).
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